A 10-year old child born to consanguineous parents presented with an extremely large goiter, a low free T 4 level and free T 4 index, and normal TSH concentration. The findings of undetectable thyroglobulin (TG) and low free T 4 , and an elevated free T 3 /free T 4 ratio suggested the possibility of a defect in TG synthesis. Noteworthy aspects of this case were the extremely elevated thyroidal radioiodide uptake despite a normal TSH concentration and the fact that the reduction in the size of her goiter only occurred when her TSH was suppressed below the normal range. Gene sequencing revealed that the patient was homozygous for a donor splice site mutation in intron 30 (IVS30 + 1G > C). Isolation of RNA obtained from the thyroid gland by fine needle aspiration and sequencing of the TG cDNA confirmed the prediction that exon 30 was skipped, resulting in an in-frame loss of 46 amino acids.
Introduction
The genetic defects of thyroid hormone synthesis present most commonly in the neonatal period as congenital hypothyroidism and account for 15 % -20 % of the newborns with an abnormal thyroid screening test (1) . These genetic defects can also present as a diffuse goiter in a euthyroid or mildly hypothyroid child. Molecular testing is usually required for a precise diagnosis in this situation. Nevertheless, a provisional diagnosis can often be made from knowledge of the biosynthetic pathway of thyroid hormone production and application of a few specific tests. Genetic defects have been described for each of the seven steps in thyroid hormone biosynthesis: (i) The first step involves the active transport of iodide into the thyroid cell against a concentration and electrical gradient, and this process is mediated by a sodium-iodide symporter protein known as NIS. (ii) The second step involves the transport of iodide into the thyroid colloid by the protein pendrin, which is located in the apical membrane of the thyroid follicular cell. Defects in this protein lead to Pendred syndrome. (iii) The template for the synthesis of T 4 and T 3 is thyroglobulin (TG), which is the most abundant protein in the thyroid gland. It is synthesized in the endoplasmic reticulum of the thyroid cell and secreted into the follicular lumen. Defects in TG synthesis are a relatively common cause of thyroid dyshormonogenesis. (iv) Further processing of the thyroid hormone involves the activity of thyroid peroxidase (TPO), an enzyme also located at the apical membrane of the thyroid follicular cell, and this enzyme deficiency is the most common cause of congenital hypothyroidism resulting from thyroid dyshormonogenesis (2) . In the presence of hydrogen peroxide, this enzyme catalyzes iodide organification and the oxidation of I − (iodide) to I 2 (iodine), the subsequent iodination of tyrosine residues within the TG molecule, and the coupling of these residues to form the thyroid hormone. (v) Two enzymes have been identified as generators of hydrogen peroxide required for the TPO-catalyzed incorporation of iodine into TG. These are thyroid oxidase or dual oxidase 1 (DUOX1) and dual oxidase 2 (DUOX2). DUOX2 is more highly expressed in the thyroid gland. Deficiency of this enzyme has been described in neonates and adults and may be expressed in a dominant manner (3, 4) . (vi) The synthesis of biologically active DUOXs requires the maturation factors DUOXA1 and A2, and the inherited defects in this gene have also been described (5) .
(vii) The final step in thyroid biosynthesis involves iodotyrosine deiodinase (IYD), an enzyme that deiodinates free, mono-and diiodotyrosines released from TG after its degradation in the phagosomes. The loss of function leads to the inability to recover iodide and its loss in the urine. This often results in iodine deficiency, with the usual clinical picture being goitrous congenital hypothyroidism.
This report describes the diagnostic work-up and genetic analysis of a 10-year-old female who presented with massive thyromegaly, who had a low free T 4 and free T 4 index and normal TSH, and who was found to have a mutation in the TG gene.
Case report
A 10-year-old girl, originally from Pakistan, was seen for the first time because of massive thyromegaly. She was born to first cousins and had been on thyroid hormone replacement since she was 6 years old. However, this was discontinued 2 years earlier because of lack of health insurance, and her thyroid gland had progressively enlarged. She had no other symptoms. She was midpubertal. Initial laboratory results showed: T 4 20.6 mol/L, 57.9 -140.3 (1.6 μ g/dL, 4.5 -10.9), free T 4 6.1 pmol/L, 9.1 -21 (0.47 ng/dL, 0.71 -1.63), free T 4 by equilibrium dialysis 7.7 pmol/L, 10.3 -34.3 (0.6 ng/dL, 0.8 -2.6), total T 3 3.6 nmol/L, 0.92 -2.8 (2.37 ng/mL, 0.6 -1.81), free T 3 7.8 pg/mL, 3.5 -6.5 (5.05 pg/mL, 2.3 -4.2), TSH 2.84 μ U/mL, 0.35 -4.00 (2.84 μ IU/mL, 0.35 -4.00), thyro globulin 1 μ g/L, 2 -30 (1 ng/mL, 2 -30), T 4 -binding globulin concentration 0.23 μ mol/L, 0.16 -0.39 (14 μ g/mL, 9.7 -23.7), normal thyroxine-binding protein electrophoresis, absent thyroid peroxidase (TPO) and TG antibodies, plasma iodine 236 nmol/L, 316 -725 (30 μ g/L, 40.1 -92.2), and 24-h urine iodine 906 nmol/specimen, 118 -3622 (115 μ g/specimen, 100 -460). A thyroid ultrasound showed a markedly enlarged hypervascular gland with a solid, less vascular nodule measuring 1.3 × 1.6 × 1.3 cm in the lower pole of the left lobe. Because of her low free T 4 together with normal TSH, she was worked up for hypopituitarism, and which was negative. She was placed on levothyroxine (L-T 4 ) and a 3-month course of iodine. Over the next 1.5 years, her thyroid gland decreased only slightly in size. A radioactive iodide thyroid scan performed while off L-T 4 for 8 weeks showed a 4-h uptake of 94 % (5 -15) and a 24-h uptake of 91 % (10 -30). The persistent nodule previously detected in the left lower lobe was shown to be a cold nodule. Fine needle aspiration of this nodule was negative for malignancy and revealed reactive follicular cells, colloid, and the presence of hemosiderin-laden macrophages and Hurthle cells suggestive of nodular hyperplasia. An increased dose of Ll-T 4 led to suppression of her TSH to 0.13 μ U/mL and a significant reduction in goiter size, although her thyroid gland still remained slightly palpable. A repeat radioiodide uptake while off L-T 4 for 10 weeks revealed a 4-h uptake of 79 % and a 24-h uptake of 75 % . No discharge of iodine was obtained with use of perchlorate.
Methods
With written consent, blood samples were obtained from the patient and all fi rst-degree relatives for biochemical and genetic studies approved by the Institutional Review Board.
For the values reported in Figure 1 A, total T 4 and T 3 were measured using the commercial automated chemoluminescent immunometric methods and TSH by a third-generation chemiluminescence assay (Elecsys 2010, Roche, Indianapolis, IN, USA). Reverse T 3 (rT 3 ) or 3,3 ′ ,5-triiodothyronine was measured by radioimmunoassay (Adaltis, Bologna, Italy) and serum TG by an in-house radioimmunoassay with a lower limit of sensitivity of 1.5 pmol/L. The free T 4 index (FT 4 I) was calculated as the product of the serum total T 4 and the normalized resin T 4 uptake ratio. TPO and TG antibodies were measured by passive hemagglutination (Fujirebio, Inc., Tokyo, Japan).
Genomic DNA was extracted from circulating mononuclear cells, and all TG exons were amplifi ed by the polymerase chain reaction (PCR) and sequenced. The PCR conditions will be provided upon request. The thyroid tissue obtained during fi ne needle aspiration was immediately placed in TRIZOL reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) and shipped by FedEx from Allentown to Chicago. The total RNA was extracted, and the fi rst strand of cDNA was synthesized using the SuperScriptTM III First-Strand Synthesis System for reverse transcriptase (RT)-PCR protocol (Invitrogen Life Technologies, Carlsbad, CA, USA). TG cDNA was then amplifi ed by PCR using specifi c intronic primer pairs and sequenced.
Results
The results of repeat laboratory testing at 11 years of age are shown in Figure 1A . The proposita showed a low-serum total T 4 and FT 4 I concentrations as well as low reverse T 3 , while her T 3 and TSH remained in the normal range. Her TG concentration was undetectable. Her three older siblings and parents had no thyroid test abnormalities ( Figure 1A ).
The sequencing of the TG gene using genomic DNA extracted from the circulating leukocytes revealed a single nucleotide substitution, the normal guanine at the IVS30 splice donor site being replaced by a cytosine, changing the GT signal to CT. The proband was homozygous for the mutation, while both parents and three siblings were heterozygous ( Figure 1B) .
As shown in Figure 1C , the sequence of TG synthesized by reverse transcription on the mRNA obtained by fine needle aspiration of the thyroid gland confirmed the predicted skipping of exon 30.
Discussion
The usual presentation of a TG gene defect is severe hypothyroidism with a goiter being present at birth or shortly thereafter (6) . However, a later presentation with a goiter in childhood is well recognized. Some of these patients had normal TSH levels and presented with a large goiter in childhood or adulthood, as did this patient (7 -9) .
The newly synthesized monomeric TG forms dimers within the thyroid follicles (10) . The TG molecule needs to be adequately folded to successfully migrate into the colloid, and the mutations that impede the export of the mutant TG lead to a form of endoplasmic reticulum storage disease (11) . The follicular cells appear tall or cuboidal and contain yellow-green granules, while the thyroid follicles remain small and depleted of colloid (12) . The euthyroid state can be explained by the mutant TG escaping from the endoplasmic reticulum to undergo iodination in the colloid (13, 14) .
The blood levels of TG in this condition are usually undetectable or low, in contrast to the normal or elevated levels in other forms of thyroid dyshormonogenesis. Also typical is a low level of T 4 in combination with an elevated T 3 , resulting in an elevated T 3 /T 4 ratio, and this is probably due to an increased thyroidal type 2 iodothyronine deiodinase activity (15) . Radioiodide uptake may be normal or increased, and perchlorate discharge is usually normal (16) .
TG deficiency in this patient was suggested by the low levels of TG and free T 4 and elevated free T 3 /free T 4 ratio. The radionucleotide uptake was markedly increased and in excess of what might have been expected with euthyroid status. For this reason, the thyroidal radioiodide uptake was repeated some years later after 10 weeks without L-T 4 replacement, and similar results were obtained. Increased radioiodide uptake has been noted in other cases and associated with both high and normal serum TSH concentrations (14, 17) .
It is suggested that increased levels of free T 3 maintained this patient in a clinically euthyroid state. The increase in radionucleotide uptake may have been due to a high turnover of abnormal TG, although this is speculative. Of interest is that replacement L-T 4 led to only a slight reduction in goiter size when the patient ' s TSH level was kept within the normal range. However, a considerable diminution in size occurred when her TSH was suppressed below the normal range (18) .
The development of thyroid cancer has been described for several forms of thyroid dyshormonogenesis and may be a particular concern in euthyroid and goitrous TG deficiency (19, 20) . Hishinuma et al. (20) reported thyroid malignancy in seven of 11 adults with Tg deficiency with surgically removed goiters. Thyroid supplementation appears to have been ineffective in preventing the development of cancer in some of these patients. Medeiros-Neto and Stanbury (21) found 12 cases of malignancy in approximately 106 pathological examinations of patients with congenital goiter and noted that most of these patients had been submitted to near-total thyroidectomies when young and may have had chronically elevated TSH values. Our patient did show a persistent " cold " thyroid nodule on radioiodide scanning, and it was thought appropriate, therefore, to perform a fine needle aspiration, which revealed nodular hyperplasia.
The TG molecule is encoded by a large gene located on chromosome 8q2. It spans more than a 300-kb region and contains 48 exons. About 50 mutations have been described in the TG gene, including non-sense and missense mutations, single nucleotide insertions and deletions, large nucleotide deletions, and acceptor and donor splice site mutations (22, 23) . Genomic analysis of this patient revealed a donor splice site mutation in the first nucleotide of intron 30 (IVS30 + 1G > C), leading to exon skipping and, as a consequence, the in-frame loss of 46 amino acids. The correct splicing of the TG gene at this location requires a nucleotide sequence of GT, but the replacement of the normal guanine with a cytosine produced the sequence CT. To confirm the predicted skip of exon 30, thyroid cell material obtained during fine needle aspiration of the patient's thyroid served as a source of RNA. Complementary DNA was synthesized and sequenced, thereby confirming the predicted skipping of exon 30 and in-frame loss of 46 amino acids.
This precise nucleotide substitution has not previously been described, although other donor splice site mutation defects resulting in the skipping of exon 30 have been reported, and these reveal variability in the expression of the defect. Pardo et al. (13, 24) and Targovnic et al. (25, 26) described the sibling pairs with congenital hypothyroidism and the genetic defect IVS30 + 1G > T, also leading to loss of the entire exon 30. Hishinuma et al. (16) reported 52 patients with TG deficiency, including one patient with IVS30 + 1G > A in whom the normal guanine was replaced by adenine. Details of the individual patients were not provided, but the symptoms were described as mild, and longstanding goiters were the only clinical manifestations in these euthyroid or mildly hypothyroid adults.
In conclusion, a clinically euthyroid child is described who presented with a large goiter and normal TSH level. The laboratory features suggested a TG gene defect, namely, the undetectable TG and low free T 4 levels and elevated free T 4 /free T 4 ratio. She also had an extremely elevated radioiodide uptake. The diagnosis of a TG deficiency was confirmed by genetic analysis, which showed a donor splice site mutation in the first nucleotide of intron 30 (IVS30 + 1G > C). The resulting skipping of exon 30 was confirmed by sequencing mRNA obtained by needle aspiration of the thyroid.
